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ANALYSIS OF LUBRICATION FOR mechanical powerrequired to operate the
CONTROLLED-CROWN PRESS roll at various applied loads and roll speeds
ROLLS' A PARAMETRIC STUDY were compared with experimental data pro-
vided by tile manufacturer, and a good
B. Hojjatie D.I. Orloff agreement was obtained. Also, a para-
Asso. Engineer Div. Director metric study wa.s performed to determine
Inst. of Paper Sci. and Tech. (IPST) relative influence of lubricant viscosity,
Atlanta, GA 30318-5794 shoe radius, and shoe angle on the pre-
dicted quantities, and it was determined
that the oil viscosity had a profound ef-
ABSTRACT fect on the performanceof the press roll.
The model predicted that operation of the
press rolls at relatively higher loads can
be achieved without significantly increas-The objective of this study was to charac-
terize the lubrication flow behavior, and the ing the requirement for mechanical power.
performance of a crown-compensated (CC) '
press roll for various operating conditions.
INTRODUCTIONThe roll rotates counterclockwise, and an
external force applied to the top of its in-
ternal hydrostatic shoe will cause a pressur- Shown in Fig. la is a crown-compensated
ized oil to be injected through a series of (CC) extended-nip press roll proposed for
capillary tubes within the shoe, to transmit impulse drying of a wet sheet which is cur-
load and provide lubrication by producing rently being developed at the Institute of Pa-
an oil film between the bottom surface of the per Science and Technology (IPST). Previ-
shoe and the inside surface of the roll. Be- ous studies have demonstrated that imple-
cause of the forces applied to the shoe and mentation of this technique will result in sig-
the counterclockwise rotation of the roll, the nificant energy savings, and improved paper
shoe will have a small vertical displacement properties (1,2). In this process, wet paper
and a small clockwise rotation, and under a sheets transported on special felt enter an
steady state condition, it will reach an equi- extended nip of the impulse dryer at loca-
librium position. By generating mathemati- tion A, in Fig. la, and leave the nip at point
cal expressions for various regions of the roll C.
and the shoe, coupling the Hagen-Poiseuille The plasma spray coated roll shell heated
equation for laminar flow through capillary by induction heating in region D-E contacts
tubes with the expressions for a viscous flow the wet sheet at a surface temperature in
in a curved-wall channel, and balancing all the range of 150°C to 250°C. Steam formed
forces and moments applied to the internal at the interface between the roll surface and
shoe, a system of nonlinear transcendental the sheet which increases the hydraulic pres-
equations was produced and solved by a nu- sure gradient, increases the sheet tempera-
merical scheme. The predicted values of lu- ture, thus, reduces the water viscosity within
brication film thickness, mass flow rate, and the sheet, and results in a greater conforma-
bility for the heated fibers. These effects flow characteristics and the performa.nce of a
tends to increase wa.ter remova.1, increase a,p- crown-compensated (CC) press roll, and to
parent sheet density, a.nd thereby increa, se explore various design, physical, and operat-
the strength of the sheet. Although signif- ing parameters.
icant progress has been made towards the
development and fundamental understand- ANALYTICAL MODEL
ing of the impulse drying process, the is-
sue of roll surface long-term durability has
The model analyzes the lubrication flowto be further investiga, ted, before successful
commercialization of this technology. Ongo- problem in the channel formed by the bot-
tom surface of the shoe and the inner sur-ing research at IPST has focused on meth-
face of the roll (Fig. lb) for a steady stateods to eliminate catastrophic coating failure
condition, and fixed operating parameters ofand increase its long-term durability. As a
the applied load and the roll speed. Underfirst step in prediction of stress distribution
this condition the shoe has moved to a po-within the roll coating, this analytical model
was under taken, sition in which a rip located at the top of
the shoe has contacted the wall of the con-
finement shaft of the shoe (Fig. 1). Because
As roll rotates counterclockwise (Fig. la,), of the counterclockwise rotation of the roll,
an external force is applied to the top of its viscous nature of the lubricant, and hydro-
internal hydrostatic shoe causing a pressur- dynamic forces, the shoe then turns clock-
ized oil to be injected through a series of wise through an angle _b, and also executes
capillary tubes within the shoe to transfer a vertical motion until reaches an equilib-
load and providing lubrication by producing rium position. This model applies the nec-
an oil film between the bottom surface of essary conditions for the static equilibrium
the shoe and the inside surface of the roll. (e.g., balancing horizontal and vertical com-
The oil also acts as a heat sink/source (de- ponents of forces exerted on the shoe as well
pending on the magnitude of viscous heat as balancing moments of these forces with
dissipation) for heat transfer between the respect to a point such as B) to determine
oil and the inner surface of the roll. Be- the magnitude of angular rotation (¢) and
cause of the forces applied to the shoe and the vertical position of the shoe at point B
the counterclockwise rotation of the roll, the (do), under a specific operating condition.
shoe will have a small vertical displacement The equilibrium position of the shoe is com-
and a small clockwise rotation, and under pletely specified by these two independent
a steady state condition, it will reach an variables. Since a detail description of the
equilibrium position. The main objective of analytical model has been given elsewhere
the analysis was to predict the pressure dis- (3,4) in this section, only a summary of the
tribution at the interface of the hydrostatic method for model development will be pre-
shoe and the internal roll surface which serve sented. Also, the mathematical expressions
as a boundary condition for a future finite for the lubricant velocity profiles, mass flow
element analysis. Additional objectives of rate, and forces exerted by the lubricant to
this study were to predict the lubrication the shoe as they correspond to only one re-
gion of the right-hand channel (the region are compared with experimental data pro-
under NC in Fig. la) will be listed, vided by the manufacturer, Beloit Corpora-
tion (5). Also, in this study a parametric
analysis is performed to determine relative
The curved-wall channel formed by the influence of some of the design and paramet-bottom surface of the shoe and the inner
tic variables on the predicted quantities.
surface of the roll, is approximated by a pla-
nar walled convergent channel or wedge. In
The velocity fields are two-dimensional
order to solve the steady flow problem in
and are obtained by imposing the standard
that channel, first the geometry of the chan-
lubrication theory assumption of pseudo-
nel is specified in terms of known geomet- plane Couette flow (6,7). In the region ofric quantities, such as the radii of the shoe
and the roll, as well as unknown variables, the right-hand subchannel which is located
such as the base thickness of the channel to the right of the recess (1 _< x _< L), the
(do) and the angular rotation of the shoe expression for the velocity field is'
('g,). Then the Hagen-Poiseuille equation for u(x y) - 1
laminar flow through capillary tubes is cou- , _ C(x)y [d(x)-y]+s [1-yd-_(x)]
pled with the expressions for a viscous flow (1)
in a curved-wall channel, and mathematical where,/_ is the dynamic viscosity of the lu-
equations for all the forces exerted by the bricant, C(x) - -p'(x), s is the tangential
lubricant on the bottom surface shoe are de- velocity of the roll evaluated at its inner sur-
veloped. Finally, the unknown variables of face, d(x) is the thickness of the lubricant
do and _b are determined by numerical so- at a point along the channel, I _< x _< L,
lution of the set of non-linear equilibrium and 0 _< y _< d(x). The velocity field u(x, y)
equations which are obtained by balancing satisfies u(x, O) - s, u(x,d(x)) - O. Inte-
all forces and moments applied to the inter- gration of Eq. i results in an expression
nal shoe for each operating condition of the for the mass flow rate passing through the
roll speed and the applied load. Once lp and right-hand channel in terms of an unknown
do are determined, it is then possible to corn- lubricant pressure at the recess (/5) and the
pute all the geometrical quantities as well as geometry of the channel. However, this flow
the pressures, mass flow rates, and the ve- eqhation has to be coupled with another ex-
locity fields in the subchannels for each op- pression for the lubricant flow through a cap-
erating condition. Expressions for the tan- illary. Assuming Hagen-Poiseuille flow in the
gential and normal forces exerted by the lu- capillaries, which are idealized to be circu-
bricating oil, both on the bottom surface of lar cylindrical tubes of length l, ff and ra-
the shoe as well as on the inside surface of dius R,ff, the volumetric flow rate through
the roll, are also computed, and these results a capillary which feed the lubricant into the
are used to compute the power required to right-hand subchannel is:
operate the CC roll. In order to validate
the model, the predicted values of lubrica-
tion film thickness, mass flow rate, and me- where, p_h and i5 are the lubricant pressures
chanical power required to operate the roll at the top of the shoe and at the recess, re-
spectively (6). Relating this volumetric flow tion is used:
rate to the mass flow rate obtained from Eq.
1, the following expression which is indepen- T_ - -/_ (z y) I =d(_)
dent of/5 can be generated' Ox ' Y
6iLs ,k Evaluating Eq. 5 at y -0, will result in the
rb. (P_h -P_t_)+ tan _ (_) tangential forces acting on the inner surface
--=[P 6t_ w,h)8/_[eff] (3) °fther°ll (Tr/)' Figure2 sh°wsthec°m-
-- ponents of the various forces acting on the
(ta-n))5 +( nc 7r/_4yy bottom surface of the shoe in the right sub-
channel. Under equilibrium condition, forceswhere, p is the density of the lubricant_ p_t,_
is the atmospheric pressure, /9 is the angle applied on the shoe along horizontal and ver-
between the upper and the lower walls of the tical directions, as well as moment of forces
about a point, should be in balance. From
channel,/k and 5 are geometric variables re-
the three equations of equilibrium, a systemlated to the thicknesses of the channel at the
of two coupled nonlinear equations are devel-end of the recess and at the end of the chan-
nel. w,h is the cross machine direction width oped which are solve numerically (8) to de-
of the shoe, and nc is the number of capil- termine the variables do and %bfor each oper-
ation conditions. The mechanical power re-laries in the cross machine direction. Similar
equations can be obtained for the left-hand quired to operate the roll is then determined
from:
subchannel, except that the flow direction
in this channel is in the opposite direction of W - (T_t)tot s (6)
the roll rotation. The expressions obtained where, W is the mechanical power per unit
for the velocity profile and the mass flow rate
cross machine direction width of the shoe,
are used to compute the pressure dis tribu- (_l)tot is the algebraic sum of all the shear
tion along the channel, P(x), and then the forces exerted by the lubricant on the inner
normal and tangential forces exerted by the surface of the roll in all regions of the left-
lubricant on the bottom surface of the shoe hand and the right-hand channels, and s is
and the inside surface of the roll. The result- the tangential speed of the roll evaluated at
ing expressions are then used to set up the the inner surface of the roll.
equilibrium equations which serve to deter-
mine O and do in terms of the other parame-
ters in the model. The normal force exerted RESULTS AND DISCUSSION
on the shoe (per unit width of the shoe in
the cross machine direction) in this region A. Code Validation
(1 _< x _5<L) is computed from:
L For validation of the analytical model, first/,
N,h
Jt [p(x)- i5]dx (4) the results were compared with the experi-
mental data provided by the Beloit Corpo-
For the tangential forces acting on the bot- ration for a laboratory scale shoe/roll con-
tom surface of the shoe, the following rela- figuration in which the shoe radius (R,) was
171.32 mm (6.745 in)a.nd the roll inner rs- locations increase with an increase in roll
dius (/_)was 171.50 mm (6.76 in). This shoe speed and decrease with an increase in ap-
was subjected to outer surface roll speeds of plied load. At a constant load, the lubri-
305-914 m/min (1000-300:.0 ft/min) and ap- cant film thickness increases with an increase
plied loads of 35-175 KN/m (200-1000 PLI). in roll speed because of the hydrodynamic
The lubricant viscosity and density values effect of the lubricant, which increases the
were assumed to be 56 centipoise and 873 magnitude of the normal forces exerted by
Kg/m a, respectively. These properties cot- the fluid on the bottom surface of the shoe.
respond to the lubricant employed in experi- The behavior of the shoe in this regard is
ments conduct¢d by the Beloit Corporation. similar to that of an air foil, whose lift in-
A constant lubricant temperature of 57°C creases with air foil speed. Table 1 indicates
was assumed. Since the speed of the roll and that there was a good agreement between the
the load applied to the top of the shoe are model and the experiment for the average
two of the most important input parameters values of the L.E. and the T.E. thicknesses.
which can be controlled by an operator for
specific design conditions, all the calculated
Shown in Fig. 3 is a comparison of thevalues were obtained at a function of these
total volumetric flow rates in the channel as
two parameters, predicted by the model and as measured for
a roll outer surface speed of 610 m/min. This
The lubricant thicknesses at points O and figure indicates that at a fixed roll speed, an
N (Fig. 2) are referred to as the leading increase in applied load results in a linear in-
edge thickness (L.E.) and the trailing edge crease in the lubricant flow rate. For this op-
thickness (T.E.), respectively. As the roll erating condition, the volumetric flow rates
rotates in a counter-clockwise direction, the predicted by the model were only slightly
L.E. (point O) experiences the roll shell be- smaller then the experimental data. Figure 4
fore the T.E. (point N). Shown in Table 1 compares the mechanical power required to
is a comparison between the predicted and operate the roll as predicted by the model
experimental values for the L.E. and T.E. and as measured by the Beloit Corporation
thicknesses, and their average values at two for the two roll outer surface speeds of 305
outer surface roll speeds and three applied m/min and 610 m/min. Both the model and
loads. Under the influence of the applied experiment predicated that for this labors-
load and the hydrodynamic forces, the shoe tory scale shoe/roll configuration, the me-
can rotate about its pivot point (point G in chanical power required to operate the roll
Fig. 2) and also can move up or down along increases with applied load; however, the
the confinement wall. The model and the ex- increase was small at the lower roll speed.
periment show that the leading edge thick- In general, the predicted results for the lu-
ness is greater than the trailing edge thick- bricant thickness, flow rate, and mechanical
ness for all the operating conditions; thus, power were in good qualitative agreement
the shoe has turned in a clockwise direc- with the corresponding experimental data,
tion. Also, both methods indicate that the and the relatively small difference between
lubricant thicknesses at the L.E. and T.E. their numerical values may be attributed to
some simplifying assumptions used in the an- a temperature dependent viscosity should be
alytical model, as well as to the tolerance considered in future studies.
and error associated with the experimental
data. Some of the assumptions used in tile In spite of these simplifying assumptions,
model are as follows' comparison of the model with the experi-
ment indicates that this model can provide
1. A small portion of the bottom surface useful information about the behavior of the
of the shoe at each end was tapered; this sec- press roll for various design and operating
tion was not considered in the model, conditions. Since the credibility of this ana-
lytical model was considered to be proven
2. The arcs describing the bottom surfaces by the comparison with the experimental
of the shoe and the roll were approximated data, additional analyses were performed for
by secant lines. This is a good approxima- a commercial size roll
tion for a roll/shoe configuration with a rel-
a,tively large size diameter. However, as the B. Analysis of a Commercial Size Press
diameter of the shoe/roll decreases, the error Roll
associated with this secant line approxima-
tion increases. The analytical model also was employed for
a commercial size press roll in which the
3. All machine dimensions, including the roll and its internal shoe were machined to
dimensions of both the shoe and roll, are ac- the same radius of 508.13 mm (R_ - R -
curate only to within 0.002 inch. 20.005). For this analysis, the shoe was
subjected to loads in the range of 175-1751
4. In the experiment, the oil which exits KN/m (1000-10,000 PLI) and outer surface
the channel on the right is not skimmed off, roll speeds of 305-1067 m/min (100-3500
but rather, re-enters the channel on the left. ft/min). The wall thickness for this roll was
3.0 inches, which indicates that the tangen-
5. The results presented are based on tim speed experienced by the lubricant at
the assumption of a constant oil viscosity the inner surface of the roll is approximately
(the viscosity at the lubricant inlet temper- 0.85 times less than that of the outer roll
ature). Because of viscous dissipation, the surface. Shown in Figs. 5-10 are the pre-
average temperature in the oil will be higher dicted results for the commercial size press
at higher speeds and loads than it is at lower roll. For all the operating conditions, the
speeds and loads, and at any fixed speed pressure distribution along the inside surface
and load the temperature in the oil varies of the roll (Fig. 5) is constant at the recess
(spatially) throughout the channel. Also the regions and falls off monotonically toward
lubricant property data show that the oil the end of the sub channels . The negative
viscosity significantly decreases with increas- values on the horizontal axis correspond to
ing oil temperature. As will be shown later, the left-hand subchannel located on the left
the viscosity can have a major influence in of the origin shown in Fig. 2. The pressure
some of the predicted quantities. Therefore, exerted by the lubricant on the inner surface
of the roll was slightly greater at the right- lubricant viscosity, the shoe angle, and the
hand channel compared witll that of the left- shoe radius were 50 cp, 18.96°, and 508.13
hand channel. Not only does pressure profile mm, respectively, was considered to be the
have an impact on the water removal during nominal (standard) case, and it was used to
wet pressing, but also the thermomechanical determine the impact of the three parame-
stresses developed within the surface coat- ters on the mechanical power, the lubrica-
lng of an impulse drying press roll may be tion flow rate, the angle of rotation of the
significantly affected by this pressure distri- shoe, and the lubrication thickness. Fig-
bution. The analytical model demonstrated ute 7 shows the effect of the oil viscosity on
that, in general, the speed of the roll had the mechanical power and the lubricant mass
only a small impact on the pressure distri- flow rate, and Fig. 8 shows the effect of the
bution; however, the mechanical power re- viscosity on the lubrication thicknesses and
quired to operate the roll was significantly the recess pressures. The mechanical power
influenced by the roll speed (Fig. 6). This increased linearly with an increase in the oil
figure indicates that for the commercial size viscosity (Fig. 7), however, an increase in
roll, the mechanical power is relatively in- the viscosity from 1 cp to 10 cp resulted in
sensitive to the applied load. Thus, for more a significant reduction in the lubricant mass
effective water removal, this roll can be op- flow rate, while an increase from 50 cp to 100
erated at a higher load without any major cp did not have a major effect on the mass
increase in required power, flow rate. The viscosity had linear effect on
the lubricant thickness and the recess pres-
sure (Fig. 8). The effect of the shoe angleTile results of the parametric study for
on the mechanical power, and the lubricant
this press roll at a fixed tangential speed
mass flow rate are shown in Fig. 9, and theirof 610 m/min and a fixed applied load of effect on the lubricant thickness and rota-
1751 KN/m where the shoe angle, the ra- tion angle are shown in Fig. 10. For the
dius of the shoe, and the lubricant viscosity magnitudes of the shoe radius analyzed in
were used as the geometric/physical param- this study, the lubrication flow characteris-
eters are shown in Figs. 7-10. The shoe an- tics and the behavior of the shoe were not
gle corresponds to the angle between two ra-
affected by this design variable. In general,dial lines emanating from the center of the
for the range of shoe radius analyzed in this
shoe, and passing from the points B and C
study, this parameter did not have any sig-(Fig. 2). These parametric analyses were
nificant impact on the results.
performed to gain more insight about the
design and operation of crown-compensated
(CC) impulse drying press rolls as well as CC To make a quantitative comparison be-
extended nip roils, and CC calendar rolls. In tween the impact of these variables on the
these analyses, sensitivity of the results with operation of the roll, a design/operation tol-
respect to variation of the lubricant viscos- erance was assumed for each of these param-
ity in the range of 1-100 cp, shoe angles of eters (Table 2), and variation of mechanical
18.96 °- 25°, and shoe radii of 507.12-508.12 power, mass flow rate, rotation angle, and
mm were evaluated. The case in which the lubrication thickness corresponding to these
assumed tolerances were computed. As Ta.-
ble 2 indicates, the oil viscosity has the most 4. Bloom, F., Hojjatie, B., and Orloff, D.I.,
significant influence on the lubricant mass "Modeling of Fluid Flow and Heat Transfer
flow rate. Comparison of these variations, in a Crown Compensated Roll I' The Lu-
with the values obtained for the nominal case brication Problem," submitted to SIAM J.
(table 3) indicates that when the oil viscosity Appl. Math., 1995
changes because of its temperature change
which is resulted from the viscous heat dis- 5. Beloit Corporation, Research and Devel-
sipation, all the major quantities can be af- opment Center, Rockton, Illinois.
fected by this parameter. It should be em-
phasized that in this parametric study, the 6. Schlichting, H., Boundary Layer Theory,
compound effect of varying two or more pa- McGraw-Hill, 1960.
rameters simultaneously was not examined.
To come up with an optimum operation and 7. Batchelor, G.K., An Introduction
design condition, interaction of these vari- to Fluid Dynamics, Cambridge University
ables should also be analyzed. Also, addi- Press, 1990.
tional studies should be conducted to deter-
mine the impact of these variables on the 8. IMSL Math/Library, Fortran Subroutines
performance of the hydrostatic shoe, using a for Mathematical Applications, Version 2.0,
temperature dependent viscosity, and also, User's Manual, Visual Numerics, Houston,
to analyze the influence of the viscous heat TX, 1991.
dissipation on the thermal performance of
the impulse drying press roll.
AC KN OWLED G EMENT S
REFERENCES This study was supported by member com-
panies of the IPST and by the U.S. De-
l. Orloff, D.I., Phelan, P.M., and Crouse, partment of Energy, Office of Industrial
J.W., "Linerboard Drying on a Sheet-fed Pi- Programs, through Grant No. DE-FG02-
lot Impulse Drying Shoe Press" Tappi J., 8SCE40738. The authors also gratefully ac-
78(1), 129-141, 1995. knowledge technical input of David Lange
and Paul Monroe of Beloit Research & De-
2. Orloff, D.I., "Impulse Drying of Liner- velopment, Rockton, Illinois.
board: Control of Delamination", J. Pulp
and Paper Science, 18(1), J23-J3t, 1992.
3. Bloom, F., Hojjatie, B., and Orloff,
D.I., "The Lubrication Problem in a Crown-
compensated Impulse Drying Press Roll",
submitted to J. Pulp and Paper Science,
1995.
TABLE 1 - Predicted and measured lubrication thicknesses (mm) at the
leading edge (L.E.) and the trailing edge (T.E.), and their
average values as a function of roll speed and applied load.
I!
Speed (m/min) = 305 , 610 !
Load (KN/m) _ 105 140 175 105 140 175
iJ
L.E. 0.129 0.117 0.109 0.173 0.157 0.145
Experiment T.E. 0.104 0.096 0.093 0.112 0.102 0.099
Avg. 0.116 0.106 0.101 0.142 0.129 0.122
L.E. 0.257 0.247 0.240 0.336 0.300 0.268
t
Model T.E. 0.106 0.094 0.087 0.140 0.129 0.124
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Figure 3. Comparison between the experimental and the calculated lubricant volumetric flow rates. 
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Figure 4. Comparison between the experimental and the calculated mechanical powers.
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Figure 5. Predicted lubricant pressure distributions for various applied load (commercial size roll).
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Figure 6. Predicted mechanical power vs. speed for various applied load (commercial size roll).
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Figure 7. Influence of lubricant viscosity on mechanical power and mass flow rate.
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Figure 8. Influence of lubricant viscosity on the lubrication thickness and recess pressure.
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Figure 9. Influence of the shoe angle on mechanical power and lubricant mass flow rate.
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Figure l O. Influence of the shoe angle on lubricant thickness and rotation angle of the shoe.


